Motion-onset visual evoked potentials (VEPs) were elicited by low spatial frequency chromatic isoluminant gratings presented in a central 7°circular field. The chromatic composition of the stimuli was varied so as to modulate along different axes in colour space. For slow speeds (<5°/s) changing the chromatic axis induced large response differences between the S-and L/M-cone VEPs. At faster speeds (5-12°/s) the effects were not as marked. A dichotomy between the slow and fast responses was also shown to exist in terms of their contrast dependencies, the former exhibiting a stronger dependency on contrast than the latter. These findings suggest that neural substrates with chromatic sensitivity are involved in the generation of S-and L/M-cone mediated motion-onset VEPs at low velocities. At higher velocities, responses are generated by different mechanisms that possess little or no chromatic sensitivity. Ó
Introduction
A recent series of studies encompassing neuroimaging, psychophysical and electrophysiological methodologies has provided strong evidence for chromatic input to motion-specific regions of both the human and macaque brain that may be much more extensive than originally thought (Dougherty, Press, & Wandell, 1999; Seidemann, Poirson, Wandell, & Newsome, 1999; Wandell et al., 1999) . In conjunction with earlier findings (Dobkins & Albright, 1994; ffytche, Skidmore, & Zeki, 1995; Gegenfurtner, Kiper, Beusmans, Carandini, & Zaidi, 1994; Saito, Tanaka, Isono, Yasuda, & Mikami, 1989) , these results have revealed that V5 (MT) in fact receives input from all three kinds of cone photoreceptor; long-(L), middle-(M), as well as short-(S) wavelength sensitive. Therefore it would appear that an area of the brain integral to the perception of motion also contains representations from the three cone types that are essential for trichromatic colour vision. This view is clearly at odds with the more traditional perspectives of functional specialisation that espouse a stricter anatomical segregation between colour and motion processing pathways (e.g. Livingstone & Hubel, 1987; Zeki, 1978) . Such perspectives propose that segregation is in operation from area V1, with the magnocellular dominated output forming the basis of the motion processing pathway that projects to V5/MT, and the parvocellular output forming the colour processing pathway that projects to area V4. But the idea of a wider chromatic representation in the motion processing pathway is consistent with the emerging view from a large body of psychophysical evidence which clearly demonstrates that chromatic isoluminant stimuli can support, albeit in a compromised manner, the perception of motion (Cavanagh, Tyler, & Favreau, 1984; Cropper & Derrington, 1996; Derrington, 2000; Derrington & Badcock, 1985; Mullen & Boulton, 1992; Troscianko & Fahle, 1988; Willis & Anderson, 1998) .
Psychophysical studies have demonstrated the existence of a colour sensitive ('signed') motion mechanism with opponent L-and M-cone input (Dobkins & Albright, 1993 Morgan & Ingle, 1994; Stromeyer, Kronauer, Ryu, Chaparro, & Eskew, 1995; Willis & Anderson, 1998) at low temporal frequencies. However, recent studies have questioned the existence of chromatic linear motion mechanisms (Yoshizawa, Mullen, & Baker, 2000) . Nevertheless, plausible physiological substrates for the perception of isoluminant motion stimuli that activate the L/M-cone system have been Vision Research 42 (2002) [909] [910] [911] [912] [913] [914] [915] [916] [917] [918] [919] [920] [921] [922] www.elsevier.com/locate/visres ventured. One possibility is that the parvocellular system, which is known to have a small input into MT/V5 (Maunsell, Nealey, & DePriest, 1990) , may be sufficient to support the perception of red-green isoluminant motion. This view is supported by recordings made from macaque retinal ganglion cells in response to flickering stimuli which show that parvocellular sensitivity to chromatic temporal modulation is sufficient to account for human psychophysical performance, at least at low temporal frequencies (Lee, Martin, & Valberg, 1989a) . Another view is that chromatic motion may be signalled by the magnocellular system, which forms the bulk of MT/V5 input, the neurons of which are known to be responsive to moving isoluminant red-green borders (Valberg, Lee, Kaiser, & Kremers, 1992) . The neural encoding of moving S-cone isolating stimuli may differ from that of moving L/M-cone isolating stimuli. A contribution from S-cones to the detection of motion has been demonstrated, but this input appears to be much weaker than L/M-cone opponent and luminance input (Lee & Stromeyer, 1989; Wandell et al., 1999) . Current physiological and anatomical evidence suggests that the signalling of information originating from the S-cones occurs within the koniocellular pathway, which is anatomically distinct from the parvocellular pathway that carries L/M-cone signals (Dacey & Lee, 1994; see also: Dobkins, 2000 and Reid, 2000 for reviews) . As yet, a precise picture as to how S-cones gain access to the motion system via the koniocellular pathway remains unclear. The option of residual magnocellular activation, readily generated by L/M-cone isolating stimuli, may not be as viable an option for S-cone isolating stimuli, as magnocellular neurons do not respond to them robustly (Lee, Martin, & Valberg, 1988; Valberg et al., 1992) .
Visual evoked potentials (VEPs) provide a means by which the properties of supra-threshold visual mechanisms can be non-invasively studied in humans. Previous studies have demonstrated that motion specific VEPs can be elicited by suitably chosen luminance and chromatic stimuli (Bach & Ullrich, 1994 Clarke, 1972; G€ o opfert, M€ u uller, & Simon, 1990; Kuba & Kubova, 1992; Kubova, Kuba, Spekreijse, & Blakemore, 1995; McKeefry, 2001; M€ u uller & G€ o opfert, 1988; M€ u uller, G€ o opfert, Schlykowa, & Anke, 1990; Snowden, Ullrich, & Bach, 1995) . The aim of this study is to examine how the chromatic composition of an isoluminant stimulus affects VEPs that are elicited by the onset of motion. As outlined above there are potential differences between the physiological substrates of motion signalled by L/Mcone mechanisms and by S-cones, as well as differences in input strength. Therefore a comparison of VEPs elicited by moving isoluminant stimuli that selectively activate either of these opponent mechanisms would be of interest. In this study investigation is confined to motion-onset VEPs that originate from recording sites close to V1 at the occipital pole. Functional magnetic resonance imaging (fMRI) studies have revealed V1 is differentially responsive to chromatic and luminance motion stimuli and possesses different response properties to V5/MT. Hence a specific goal of the study will be to compare the contrast and velocity response characteristics of motion-onset VEPs mediated by the L/M-and S-cone chromatic systems deriving from V1 (subsequent studies will examine the responses from more lateral occipito-temporal electrodes closer to human V5). These issues will be examined in the context of current models of chromatic motion processing (Gegenfurtner & Hawken, 1996) which propose the existence of different mechanisms that operate at fast and slow temporal rates. The latter is spectrally sensitive and encodes chromaticity but not the velocity of a stimulus. The former is spectrally insensitive and encodes velocity but not chromaticity.
Methods

Subjects
A total of six volunteers aged between 20-37 years acted as subjects for this series of VEP experiments. All had participated in previous motion-onset VEP studies and had 6/6 (or better) unaided vision or corrected acuity and were classified as colour normal according to the Farnsworth-Munsell 100 Hue test.
VEP recording
VEPs were recorded using silver-silver chloride electrodes. An active electrode was placed at O z and referenced to linked ear electrodes with a ground electrode placed on the forehead. The VEPs were averaged using a CED 1401 ''micro'' and accompanying Signal software (version 1.72). Amplifier (CED 1902) bandwidth was 0.5-30 Hz and signals were sampled at a rate of 250 Hz over 1.496 s.
The motion-onset VEPs recorded from each individual represent the average of at least 126 repetitions. The response components of the VEPs were named and measured following conventions outlined in a previous study from this laboratory (McKeefry, 2001) . A triphasic positive-negative-positive waveform is a common characteristic of the chromatic motion-onset response. It comprises of an early positivity, P1, with a latency-to-peak of %150 ms, followed by a negativity N2 at %220 ms, which in turn is followed by another positivity, P2, at %300 ms. Fig. 1 illustrates the individual and group-averaged VEP waveforms, elicited by the onset of chromatic motion (2°/s), that were obtained from the six subjects. As can be observed there is a degree of inter-subject variability in the motion-onset response and the relative predominance of P1, N2 and P2 differs from subject to subject. Nevertheless, the N2 component is clearly visible in each subject. N2 (also known as N200) is the key response feature of the motion-onset VEP. The majority of recently published work has identified N2 as being a prominent and the most likely motion specific component in the motiononset VEP in view of, amongst other properties, its susceptibility to motion adaptation (Bach & Ullrich, 1994 Kuba & Kubova, 1992; Kubova et al., 1995; Wist et al., 1994; Hoffmann et al., 1999) . Hence, N2 will form the focus for analysis in subsequent experiments.
Subjects viewed the stimulus binocularly with natural pupils from a distance of 114 cm. During recordings they were instructed to maintain fixation on a centrally placed cross in order to minimise eye movements which were also monitored visually by the experimenter. Electro-oculogram recordings performed on one experienced VEP subject and two other subjects, further demonstrated that motion VEPs were not contaminated by eye movement artifacts.
Stimuli
VEPs were elicited by the onset of motion of vertically oriented sinusoidal gratings of 1 c/°generated on an Eizo T562-T colour monitor with a frame rate of 120 Hz, under the control of a VSG2/3 graphics card (Cambridge Research Systems). The speed of motion varied between 1 and 20°/s and lasted for 0.315 s of the total stimulus time (1.496). This moving phase was followed by a period when the grating remained stationary (1.18 s), so that motion was present for 21% of the duty cycle. The stimulus subtended a circular field of 7°with a constant mean luminance of 30 cd/m 2 and was surrounded by a neutral background (CIE 1931 chromaticity co-ordinates x ¼ 0:310, y ¼ 0:316) of the same luminance.
The stimuli used to elicit motion VEPs were either luminance modulated gratings or bichromatic gratings that contained only modulations in colour. The constituent colours of the bichromatic stimuli were chosen so as to enable chromatic modulation along a series of axes in CIE (1931) colour space. Fig. 2 shows the chromaticity co-ordinates for the maximum contrasts available along each axis. The cone contrasts produced by these stimuli were calculated using the Judd modified
0 tristimulus values were then used in conjunction with cone fundamentals (Smith & Pokorny, 1975; see Wyszecki & Stiles, 1982) to obtain the magnitude of cone excitation for each component Fig. 1 . Individual VEPs obtained from the six subjects who took part in this study illustrating the inter-subject variability of the chromatic motion-onset response. The VEPs were elicited by the onset of isoluminant chromatic motion (2°/s), mean luminance ¼ 30 cd/m 2 . Also shown is the group-averaged response indicating the nomenclature used for identification of the response components. The scale used in this figure is magnified in comparison to that adopted in the rest of the figures. colour from which modulation for each cone ðL c , M c and S c Þ was calculated (see Table 1 ). The values given assume subject adherence to the ideal V k function. However, isoluminant settings made by each observer using the minimum motion technique of Anstis and Cavanagh (1983) indicate small departures from this ideal. For the 0-180°stimulus (L/M-cone isolating axis) the mean luminance ratio setting across the six subjects was 0.496 (instead of the ideal 0.5). This introduces approximately a 7% difference to the computed L-cone contrast and a 3% difference to the M-cone contrast.
In order to give a single metric for cone contrast, a pooled value was computed taking the square root of the sum of the squared cone contrast (RSS) values for each axis (i.e. C ¼ p ðL Table 1 (Chaparro, Stromeyer, Huang, Kronauer, & Eskew, 1993) .
The description of the stimuli above is given within the context of cone contrast space (see Brainard, 1996) . Other approaches, such as DKL colour space (Derrington, Krauskopf, & Lennie, 1984) , employ opponent modulation colour spaces that carry certain assumptions regarding the weighting of cone inputs. In both types of space however, the modulation of the L-, M-and Scones can be varied by changing the angle, /, of the chromatic axis. Two axes are of particular importance. The first, 0-180°, generates a stimulus that produces minimal activation of S-cones and modulates only Land M-cones. The second, 90-270°, has the converse effect, modulating only the S-cones whilst keeping Land M-cone activation constant. In addition to these two principal axes a series of intermediate chromatic axes were also used along which the relative activations of the L-, M-and S-cones varied (see Fig. 2 & Table 1 ). Similar stimuli have been used in other colour psychophysical and VEP experiments (DeValois, DeValois, Switkes, & Mahon, 1997; Rabin, Switkes, Crognale, Schneck, & Adams, 1994) .
Luminance contrast was defined simply in terms of Michelson contrast: ðL max À L min =L max þ L min Þ and ranged from 0.01 to 0.3. All chromatic and luminance measurement and calibration was performed using a PR650 Spectrascan SpectraColorimeter.
Results
Experiment 1: motion-onset VEPs as a function of chromatic axis
Previous psychophysical and electrophysiological studies have highlighted differences between the response characteristics for chromatic motion at fast speeds, where the perception of motion is chromatically insensitive, and at slow speeds, where there is chromatic sensitivity (Burr, Fiorentini, & Morrone, 1998; Gegenfurtner & Hawken, 1995; Gorea, Papathomas, & Kovacs, 1993; Hawken, Gegenfurtner, & Tang, 1994; Kelly & Van Norren, 1977; McKeefry, 2001) . In this experiment, the effects on the motion-onset VEP of changing the chromatic composition of the stimulus were investigated for speeds ranging from slow (1°/s) to relatively fast rates (20°/s). The rationale is that if a dichotomy exists between fast and slow chromatic motion in terms of sensitivity to colour, changing the chromatic composition of the stimulus at slow rates may elicit changes in the motion-onset VEP, particularly when the stimulus isolates S-cone activity which is known to have a weak input to the motion system (Lee & Stromeyer, 1989; Wandell et al., 1999) . At faster rates however, if motion mechanisms are insensitive to the chromatic composition of the stimulus, changing the axis of colour stimulation should have a lesser effect on the motion-onset response.
VEPs were elicited by isoluminant bichromatic gratings that were modulated along one of the eight different chromatic axes shown in Fig. 2 . For each axis the stimulus was set at the maximum chromatic contrast obtainable from the monitor. This is one of a number of different approaches that can be adopted in order to make some attempt at equating the 'strength' of chromatic stimuli that modulate along different axes in colour space (see below & Rabin et al., 1994 , for a discussion). Fig. 3 shows the group-averaged ðn ¼ 6Þ motiononset waveforms elicited by the different chromatic axes at two representative speeds (2 and 10°/s). The responses highlight the general point that at slow speeds (<5°/s) changing the chromatic composition has a strong effect on the motion-onset VEP. The S-cone isolating stimulus (90-270°) generates the smallest amplitude, longest latency response, whilst the largest amplitude, shortest latency response is generated by the L/M-cone isolating stimulus (0-180°). At the faster stimulus velocities changing the chromatic axis of stimulation appears to have little visible effect on the responses. These trends are more clearly represented in Fig. 4 where the N2-P2 amplitude and N2 latency are shown as polar plots of chromatic axis. A repeated measures ANOVA indicates that these differences in amplitude between the S and L/M axes are significant ðP < 0:005Þ at 1 and 2°/s, the N2 latency differences are also significant ðP < 0:05Þ. As the velocity of the stimulus increases to 5°/s (data not shown in Fig. 4 ) neither the amplitude nor the latency data show any significant differences between the L/M-and S-cone varying axes. This is also the case at 10 and 12°/s where the responses show no evidence of alignment with either of the principle axes. However, at 15°/s significant amplitude ðP < 0:01Þ and latency ðP < 0:05Þ differences do re-emerge between the L/M-and S-cone varying axes only to fall below significance again at 20°/s.
The differences between motion-onset VEPs generated by L/M-and S-cone varying stimuli can be expressed in terms of a chromatic axis imbalance index ¼ ðL=M response À S response Þ=ðL=M response þ S response Þ, where response constitutes either N2-P2 amplitude or N2 latency. The greater the value of the index, the greater the differences between the L/M-and S-cone mediated motion-onset responses. This index can be calculated for both amplitude and latency and plotted as a function of stimulus velocity, as in Fig. 5 . Both measures follow a similar pattern of variation with differences between the L/M-and S-cone mediated motion-onset responses falling to a minimum at 10°/s, but actually fall below significance at 5°/s. Above 10°/s differences reach a significant secondary maximum at 15°/s before decreasing again at faster rates.
As described above the chromatic stimuli used in this experiment were equated in terms of a maximum excursion metric. They could have also been scaled in terms of setting the contrast of each stimulus at equal multiples above detection threshold or equated in terms of using the same cone contrast for each stimulus. With the currently adopted metric, the results indicate statistically significant differences between the S-and L/Mcone mediated responses at slow speeds that are absent at faster rates. This is a serendipitous outcome for the choice of scaling used to equate the stimuli in this experiment. If, for example, the stimuli had been equated in terms of their cone contrast then it is highly likely that significant differences would result between the S-and L/ M-cone mediated VEPs at faster speeds. This is because in order to equate the S-cone with the L/M-cone isolating stimulus, the former would require a reduction in RSS cone contrast by a factor of 4.6 times. This would inevitably increase the latency and reduce the amplitude of the S-cone response in comparison to the L/M-cone response. However, the behaviour of the motion-onset VEP indicates that a similar reduction in cone contrast for the S-cone stimulus would generate even larger differences between S-and L/M-cone motion-onset VEPs at slow speeds. Thus the outcome of scaling in terms of cone contrast would be, in effect, to shift the plot of chromatic imbalance index further up the y-axis in Fig.  5 . The imbalance at 10°/s would certainly be greater than for the equalisation method used here, but would still form a minimum in comparison to the index obtained at slow speeds. Therefore, regardless of how one chooses to scale the stimuli, the central conclusion remains unchanged; that manipulation of the chromatic composition of an isoluminant motion stimulus has less of an effect on the motion-onset VEP at fast speeds than it does at slow. The re-emergence of significant differences between the L/M-and S-cone motion-onset VEPs above 12°/s is unlikely to indicate the return of chromatic sensitivity. Subjects reported that the motion phase of the chromatic stimulus above 12°/s was barely perceptible (note this was not the case for the luminance contrast stimuli). This is due to the low temporal resolution of the visual system to chromatic stimuli. At fast speeds (>12°/s) the chromatic motion stimuli appeared increasingly more like a uniform field which was then replaced by a stationary isoluminant grating, i.e. they were perceived as a pattern offset-onset stimuli. The resultant chromatic motion-onset VEPs therefore, may no longer represent purely motion specific responses and under such conditions may be completely or partially generated by pattern-offset responses. This possibility is considered in more detail in the following experiment.
Experiment 2: motion-onset VEPs as a function of velocity and contrast
In this experiment the L/M-cone mediated chromatic motion-onset VEP is examined as a function of stimulus velocity and its response behaviour is compared to that of the luminance motion response. Fig. 6A shows the group-averaged motion-onset VEP waveforms elicited by this chromatic stimulus at different velocities. The N2-P2 amplitude and N2 latency variations are also shown in 6B and 6C, respectively. The plot of N2-P2 amplitude against velocity appears to have two distant components; the first occurs below 10°/s and peaks between 5 and 8°/s, the second is predominant above 10°/s with a peak at 15°/s. N2 latency can be seen to fall up to 8°/s but then undergoes a small increase around 10°/s but then continues in its decreasing trend at higher rates. The localised increase in latency, coupled with the discontinuities observed in the N2-P2 amplitude function, are suggestive of the operation of different mechanisms in the generation of the responses above and below 10°/s. As noted in the previous experiment, for stimulus speeds >12°/s the chromatic motion-onset stimuli were perceived by the subjects as increasingly more like pattern offset-onset stimuli. It is likely that accompanying this perceived shift in the appearance of the isoluminant stimuli as the temporal resolution limit is approached, is an increasingly predominant contribution from pattern offset response mechanisms to the generation of the VEP. Under these stimulus conditions the VEP elicited by fast moving (>12°/s) isoluminant stimuli cannot be assumed to reflect purely motion specific neural activity. In view of the uncertainty regarding the motion specificity of the chromatic motion-onset VEPs elicited at stimulus speeds at stimulus speeds approaching the temporal resolution limit for these conditions, subsequent analysis and discussion will concentrate on responses elicited by stimuli of speed 6 12°/s.
The behaviour of the chromatic motion-onset VEP obtained along the L/M-cone varying axis can be compared with that of the achromatic response. The luminance or achromatic based responses are illustrated in a similar fashion to the L/M-cone mediated data, in Fig.  7(A-C) . The contrast of the achromatic stimulus was set at the same value as the RSS cone contrast of the L/M stimulus (¼0.184) and motion was clearly perceived at even the fastest speeds tested. In Fig. 7B the N2-P2 amplitude is seen to increase with increasing velocity reaching a maximum at 20°/s. As far as latency variation is concerned, the achromatic N2 component exhibits little sign of the localised peak around 10°/s observed in the chromatic data.
The chromatic motion-onset data shown in Fig. 6 were obtained from L/M-cone isolating stimuli at maximum contrast. Similar recordings over the same range of velocities were made for stimuli at lower contrast levels (RSS cone contrast ¼ 0:0184, 0.046, 0.092 and 0.138). In general, the amplitude variation of the N2-P2 component followed a similar pattern to that illustrated in Fig. 6B . This data was then used to derive N2-P2 contrast response functions for each of the velocities tested. These functions are shown in Fig. 8A for four velocities ranging from 1 to 12°/s. As shown in an earlier study (McKeefry, 2001 ) the chromatic motion-onset VEP exhibits a strong contrast dependency that is particularly evident at slow stimulus velocities (<5°/s) where amplitude increases linearly with contrast over the range tested. At higher velocities ( P 5°/s) the responses show increases at low contrast levels but undergo saturation at cone contrast levels greater than 0.046. Fig. 8B shows contrast response functions for the N2-P2 component for luminance stimuli at four luminance contrast values (c ¼ 0:3, 0.184, 0.03 and 0.01) for four representative velocities. The strong influence of contrast that is observed for the chromatic responses in Fig. 8A is less apparent for the achromatic data. This is particularly evident between 5 and 12°/s where the response amplitude of the luminance motion-onset response remains virtually unchanged over the contrast range examined. Only at the lowest (<5°/s) velocities does the amplitude appear to decrease at the lowest contrast levels and even in such cases, the response remains relatively constant when contrast is greater than 0.03.
The contrast dependency of motion responses elicited by chromatic and achromatic stimuli can also be examined from the perspective of changes in response latency. Fig. 9 (A & B) shows the latency variation of the N2 component as a function of contrast at different velocities for chromatic and achromatic stimuli. Contrast dependency in this instance is simply defined as being equal to the slope of the regression lines that were fitted to the data shown in Fig. 9A and B. Fig. 9C plots this metric (normalised to the slope of the L/M chromatic response at 1°/s) as a function of velocity. The stronger contrast dependency of the chromatic (L/Mcone) response over the achromatic response is immediately apparent. This dependency falls as a function of stimulus velocity to a minimum at 12°/s where it approaches that of the achromatic response. In comparison, the contrast dependency of the luminance response changes little beyond 4°/s.
Experiment 3: motion-onset VEPs elicited by S-cone varying stimuli
In the previous experiment chromatic motion-onset response behaviour was examined using isoluminant stimuli that activated the L/M-cone opponent and the luminance pathways. Numerous psychophysical and electrophysiological experiments have characterised chromatic vision based solely upon S-cone input as being temporally deficient in comparison to that based upon L-and M-cone inputs (Brindley, DuCroz, & Rushton, 1966; Green, 1968; Kelly, 1974) . More recent studies however, suggest that the increased sensitivity of the L/M-cone system is due to the activation of the transient magnocellular system via residual and frequency doubled responses. When this residual activation is taken into account the S-cone system is just as responsive to temporal change as the L/M-cone system (McKeefry, Murray, & Kulikowski, 2001 ). S-cones have also been shown to respond to high temporal frequencies (Stockman, MacLeod, & DePriest, 1991; Stockman, MacLeod, & LeBrun, 1993) and produce cortical activation (Morand et al., 2000; Wandell et al., 1999) . These findings would seem to be more in line with single-unit physiological studies which demonstrate similar temporal properties not only for all three cone types (Schnapf, Nunn, Meister, & Baylor, 1990) , but the ganglion cells into which they have input as well (Yeh, Lee, & Kremers, 1995) .
In the light of these discrepancies regarding the temporal responsiveness of the S-cone system the response properties of motion-onset VEPs elicited by Scone isolating stimuli were investigated. Motion-onset VEPs elicited by S-cone stimuli at different velocities are shown in Fig. 10 . Group averaged response waveforms are shown in Fig. 10A along with N2-P2 amplitude and N2 latency plotted as a function of stimulus velocity in 10B and C, respectively. As far as the N2-P2 amplitude is concerned (Fig. 10B ) the main differences between the S-and L/M-cone motion-onset responses lie in the fact that the former are generally smaller than the latter, particularly at slow speeds. This is despite the fact that the cone contrast of the S-cone stimuli (85%) is greater than that of the L/M-cone stimuli (18.4%). This is consistent with fMRI studies that also found low response amplitude per unit of S-cone contrast for cortical activation by motion .
The S-cone motion VEP amplitude still appears to have two components above and below 10°/s, similar to the L/M-cone mediated response. However, the peak in the function around 15°/s is significantly reduced in comparison to the L/M motion-onset VEP. As stated above it is likely that pattern-offset mechanisms contribute to the surface recoded VEP under conditions of fast isoluminant motion-onset. A reduced pattern offset response for S-cone stimuli in comparison to L/M stimuli is consistent with the fact that koniocellular neurons do not respond strongly to stimulus offset. In addition, L/M-cone stimuli also activate magnocellular neurons that have transient response characteristics, i.e. respond to both stimulus onset and offset. N2 latency like its L/M-cone counterpart exhibits a prominent localised increase in latency between 10 and 12°/s. The relationship between the S-cone mediated motion-onset VEP and contrast was also explored. In Fig.  11A the amplitudes of the isoluminant S-cone N2-P2 component are plotted as a function of contrast at four different velocities. The pattern of variation is similar to that of the L/M data in Fig. 8A . At low velocities the relationship of the S-cone response with contrast is linear, however the slopes of the S-cone functions are steeper than their L/M counterparts indicating that there is a greater contrast dependency for the Scone VEP. At 5°/s and higher, the effects of increasing chromatic contrast are not as marked and the responses undergo saturation at S-cone contrasts greater than 0.425. N2 latency variation with contrast is plotted in Fig. 11B , as previously the slopes of the regression lines fitted to the data define a metric for contrast dependency that is plotted in 11C. Fig.  11C also includes the L/M and achromatic data all have which have been normalised to the steepest slope which occurs for the S-cone motion onset response at 1°/s. As indicated by the amplitude data, N2 latency of the S-cone motion-onset response exhibits a stronger contrast dependency than the L/M response at all of the velocities tested. But similar to the L/M response, contrast dependency does decrease with increasing stimulus speed, falling to a minimum value at 12°/s.
Discussion
These experiments demonstrate that a dichotomy exists between the response properties of chromatic motion-onset VEPs elicited by slow (<5°/s) and fast (5-12°/s) moving isoluminant stimuli. Responses elicited from the posterior occipital cortex by slowly moving gratings are strongly influenced by their chromatic composition. Motion-onset VEPs generated by S-cone isolating stimuli, for example, are of smaller amplitude and of longer latency than their L/M-cone counterparts. The dependency on contrast for VEPs elicited by these stimuli also differs, that for the S-cone motion-onset responses being greater than the contrast dependency for L/M-cone responses. These differences at slow speeds may be a reflection of the activation of the koniocellular and parvocellular pathways that form the physiological conduits to the cortex for S-and L/M-cone signals, respectively.
At faster speeds (5-12°/s) the effects on the motiononset response of changing the chromatic composition of the stimulus are less marked. Implying that there is reduction in chromatic sensitivity at faster rates. Furthermore, the contrast dependencies of the chromatic responses decrease at fast speeds, approaching those of the luminance responses. These changes in response properties may indicate a shift in the neural population that is responsible for the generation of the motiononset VEP at faster speeds. 
Chromatic axis and velocity
Experiment 1 shows that at slow velocities the chromatic composition of an isoluminant motion stimulus has a significant effect on the motion-onset VEP. Responses with the smallest amplitude and longest latency are obtained when the stimulus modulates along a chromatic axis that produces negligible L-and M-cone modulation and maximum S-cone modulation, whilst the most robust VEPs are obtained when the converse is true. The tonic cells of the parvocellular system mediate information encoded within the L/M cone opponent system. These neurons are more sensitive than their magnocellular counterparts to low frequency red-green chromatic flicker and this is maintained up to 4-5 Hz, after which the phasic cells become more sensitive (Lee et al., 1989a) . This finding is suggestive of a parvocellular basis to the chromatic motion mechanism, which may be spectrally sensitive, that operates over this frequency range (Gegenfurtner & Hawken, 1995; Hawken et al., 1994; Kelly & Van Norren, 1977; Stromeyer et al., 1995) . S-cone information, on the other hand, is mediated via the koniocellular pathway, which forms an anatomically segregated system, distinct from the magno-and parvocellular subdivisions of the visual pathway (Dobkins, 2000; Hendry & Reid, 2000; Rodieck & Watanabe, 1993) .
The small amplitude per unit cone contrast of the Scone motion responses found in this and other imaging studies could be the result of the low synaptic divergence of koniocellular neurons to target neurons in area V1. This is approximately 1:50 (Hendry & Reid, 2000) , similar to that of the parvocellular neurons. However, the fact that the number of koniocellular neurons is an order of magnitude less than the parvocellular neurons obviously limits the ability of the koniocellular inputs to activate large neural populations in V1, which consequently is reflected in smaller amplitude VEPs. Some studies have characterised the koniocellular neurons as being slow in terms of their temporal properties, similar to W-cells, which might explain the increased latency of the S-cone VEPs (Irvin, Norton, Sesma, & Casagrande, 1986) . But this view has been challenged in more recent studies that suggest that the temporal responses of the koniocellular neurons are comparable to those of the parvocellular system (Solomon, White, & Martin, 1999) .
Regardless of the metric used to equate the chromatic stimuli, the influence of chromatic composition on the motion-onset VEP is lessened at faster speeds, 5-12°/s. If the stimuli, as in this experiment, are equated in terms of a maximum excursion metric, then the differences that are apparent at slow speeds (<5°/s) between the S-and L/M-cone responses fall below significance at faster rates. If, however, cone contrast equalisation were to have been adopted then differences would obviously emerge between the S-and L/M-cone responses at fast rates, owing to the much greater reduction in cone contrast (%5 x) that would be necessary in order to equate the former stimulus with the latter. But the data indicate that such an equalisation would lead to the generation of even greater differences at slow speeds. Hence the chromatic imbalance index plots would still exhibit a minimum at faster rates.
What might form the neural basis for the chromatic motion-onset VEPs at faster speeds? As stated previously, phasic magnocellular neurons become more sensitive to chromatic flicker above 5 Hz. In addition, there is evidence to suggest that temporal delays in the L-and M-cone signals, which reach a peak around 7-9 Hz, can be sufficient to introduce luminance contrast into a nominally isoluminant stimulus (Stromeyer et al., 1995) . Therefore over this faster range it is likely that magnocellular neurons are a major contributor to the generation of the L/M-cone and luminance motion-onset response. Such responses may form the physiological substrate for preserved high contrast chromatic motion perception in achromatopsic patients (Cavanagh et al., 1998) . But what of the fast S-cone mediated motiononset VEP? One suggestion is that S-cone mediated motion signals 'piggyback' the L/M-cone signals in the magnocellular system (see Calkins, 2001 , for a review). However, work by Lee, Martin, and Valberg (1989b) and extended by Valberg et al. (1992) has shown that magnocellular units lack or have a greatly reduced frequency doubled response to S-cone isolating stimuli that are so readily elicited by isoluminant red-green stimuli. This reduced ability to elicit magnocellular activity by the S-cone isolating stimuli might explain why it takes 5 times greater levels of cone contrast to elicit motiononset responses of similar amplitude and latency to the L/M-cone mediated responses. Another, as yet speculative possibility, is that S-cone motion signals could arise from a distinct koniocellular population, found in the ventral region of the lateral geniculate nucleus, that has magnocellular-like properties (Calkins, 2001; Hendry & Calkins, 1998) .
A contribution from the parvocellular system to fast L/M-and S-cone isoluminant motion-onset VEPs cannot be completely overlooked either. Lee et al. (1989a) have demonstrated that, even though the information may not be available to psychophysical detection mechanisms, pre-cortical parvocellular neurons do in fact respond to fast isoluminant chromatic flicker (see also Yeh et al., 1995) , but that this information undergoes low-pass filtering in the cortex at some unknown stage in the cortex.
Contrast dependency
Differences in the contrast dependency of luminance and chromatic motion perception have been central to the proposition that the two forms of motion are processed by different mechanisms with potentially different physiological substrates (Gegenfurtner & Hawken, 1996) , although this hypothesis has not gone without question (Metha & Mullen, 1997; Yoshizawa et al., 2000) . Speed perception in particular has been shown to be more dependent upon contrast for chromatic as opposed to luminance motion at temporal rates less than 4 Hz. But at faster rates speed judgements for both types of motion are relatively independent of contrast (Hawken et al., 1994; although see: Dougherty et al., 1999 ; for a counter view). Subsequent reaction time and VEP studies have also confirmed this fast/slow dichotomy of contrast dependency (Burr et al., 1998; McKeefry, 2001) . The results presented here are also consistent with this view. Examination of the amplitude and latency variations of the chromatic motion-onset VEP (both the L/M-and S-cone mediated responses) as a function of cone contrast indicate responses that vary linearly with contrast below 5°/s, but exhibit response saturation at faster speeds. Contrast dependency was strongest at the slowest velocities that were investigated but decreased with increasing stimulus velocity, reaching a minimum at 10°/s where the L/M-cone mediated response approached that of the luminance response. In comparison, the luminance response was virtually contrast invariant above 4°/s over the range tested.
The S-cone mediated motion-onset VEP shows the highest degree of contrast dependency, reaching a maximum value at 1°/s at which point it is a factor of 1.6 times greater than for the L/M-cone mediated response and 3.1 times greater than for the luminance response. The analysis of fMRI signals in the human brain suggests a similar pattern of greater contrast dependency for S-cone motion as opposed to luminance motion perception in V1. However, these differences are reduced in area MT/V5 .
Concluding remarks
These experiments have demonstrated that VEPs elicited by slowly moving isoluminant chromatic stimuli are strongly dependent upon the chromatic composition of such stimuli as well as on their chromatic contrast. This dependency is reduced as the isoluminant motion stimuli increase in speed. Between 4 and 5 Hz marks an important transitional speed for the chromatic motion response. Above this rate the chromatic composition of the stimulus has a lesser effect on the motion-onset VEP waveform. In addition, response amplitude changes from being a linear function of contrast below, to a saturating function of contrast above this rate. A similar transitional point has been identified in previous psychophysical experiments (Gegenfurtner & Hawken, 1995; Hawken et al., 1994; Kelly & Van Norren, 1977; Stromeyer et al., 1995) and is likely to indicate a shift in the signalling of chromatic motion by parvocellular neurons which are more sensitive below 4 Hz to magnocellular neurons which are more sensitive above this rate (Lee et al., 1989a) .
The comparison of L/M-with S-cone mediated motion-onset VEPs indicate that the latter; (i) possess smaller amplitude and longer latency responses at slow speeds; (ii) have a greater dependency on contrast. These differences presumably arise due to the responses having different physiological substrates; the L/M-cone responses being mediated at slow speeds by the parvocellular system with the added capability of eliciting frequency doubled responses from the magnocellular system at faster rates. The S-cone responses being mediated by the koniocellular system at slow speed but having limited capability in eliciting responses from magnocellular neurons at fast speeds.
